of SPS for the final product of Al-CNT composite is not yet clear. In the present study, we have fabricated CNT reinforced aluminum matrix composite materials with two different amounts of CNTs (1 and 5vol%), by a combination of SPS followed by hot extrusion processes. Pure Al bulks also have been fabricated using the same route for comparison. In particular, the SPS behavior of the Al-CNT mixture powder was discussed. Firstly, the morphologies of Al grains in spark plasma sintered (SPSed) Al-CNT and pure Al compacts were observed. The chemical stability between the Al and CNT and the real temperature between the each Al particles during the SPS process were discussed based on the two particles model. Finally, high resolution transmission electron microscopy was carried out to understand the materials at the boundary of the SPSed Al-CNT compact. Moreover, the tensile strength and elongation of the composites was measured and discussed in relation to the different amounts of CNT additions.
Experimental procedure
A precursor aimed at dispersing CNTs well was produced by the nanoscale dispersion method Noguchi et al., 2004) . The precursor consisted of commercial gas atomized Al powder (ECKA Granules Co. Ltd., Japan, purity 99.85%, average particle size 14.82μm), multi-walled carbon nanotube (MWCNT, ILJIN Co. Ltd., Korea, purity 99.5%, average diameter and length 20 nm and 15 ), and natural rubber (NR). The powder composition was adjusted to 1 and 5vol% of CNT. The CNT was mixed with NR in benzene and then Al powder was added. This Al-CNT-NR (precursor) was roll-milled to a thickness of 2 mm and a sheet shape was formed. A thermal gravimetric analysis (TGA6300, SEIKO Instruments, Inc., Japan) was carried out to check the specific decomposition temperature of the NR in argon atmosphere from the precursor. The heating and flow rate were fixed at 10 o C/min and 50 ml/min, respectively. The precursor was heat-treated in a quartz tube furnace (Shimadzu Co. Ltd., Japan) at 500 o C for 2h under an argon atmosphere with a 1l/min flow rate to evaporate the NR. The obtained Al-CNT mixture powder was sintered at 600 o C, with a holding time of 20 min, a heating rate of 40 o C/min, and a pressure of 50MPa in a φ15 mm carbon mold, using a SPS device (SPS-S515) manufactured by Sumitomo Coal Mining Co. Ltd, Japan. The sintered compact was extruded in a 60° conical die at 400 o C with a 500kN press (UH-500kN1, Shimadzu Corporation, Japan). The extrusion velocity and extrusion ratio were fixed at 2mm/min and 20, respectively. The microstructures of the samples after each step were observed by optical microscopy (PMG-3, OLYMPUS, Japan), field-emission scanning electron microscopy (FE-SEM) (FE-SEM6500, JEOL Ltd, Japan) and high-resolution transmission electron microscopy (HR-TEM) (HITACHI 200, Japan) with energy dispersive spectrometry (EDS, 5 nm spot size) and selected area diffraction pattern (SADP, under 10 nm nano-beam spot size and 1.2 m camera lens distance from specimen). Raman spectroscopy (SOLAR TII Nanofinder, Tokyo Instruments Co. Ltd, Japan) was employed to evaluate the disorder ratio of the CNTs after each step. The chemical stability between the CNT and Al powder was analyzed using a differential scanning calorimeter (DSC6300, SEIKO Instruments, Inc., Japan) in a purified argon atmosphere at 800 o C and a scanning rate of 10 o C/min. To evaluate the tensile strength, the extruded composites were machined into test pieces 3 mm in diameter, in accordance with ICS 59.100.01. The tensile strength was measured with a universal testing machine (AUTOGRAPH AG-I 50 kN, Shimadzu Co. Ltd, Japan)
www.intechopen.com Figure 1 shows FE-SEM and TEM micrographs of the raw Al and CNT as-received powders. The Al particles show several size distributions and a spherical shape, as shown in Figure 1a . The morphology of the raw CNT has an extremely zigzagged shape with a high aspect ratio, as shown in Figure 1b . The out-wall of the CNT consisted of some disordered regions and amorphous carbon as shown by the black arrow in Figure 1c . Two different tip shapes of CNT were observed, opened and closed as shown by the white arrows in Figure 1c . It was found that the I D / I G (intensity ration of graphite and defect peaks in the CNT) ratio of the raw CNT observed from the Raman spectra (Keszler et al., 2004; Zhao & Wagner, 2004 ) was about 0.8, which means a relatively high number of defects and contaminants, as indicated in Table 1 . TGA measurement was carried out to confirm the specific decomposition temperature for NR in the Al-CNT-NR mixture, as shown in Figure 2 . A slight weight loss was observed for the mixture in the region of around 200 o C, which may be due to the removal of some organic contaminants and adsorbed moisture. A dramatic weight loss of about 15% was detected between 350-450 o C, which was due to the complete removal of NR. This demonstrated that the NR as a mixing medium could be completely removed from the Al-NR-CNT mixture at less than 450 o C. Based on the TGA result, we carried out a heat treatment for the precursor at 500 o C for 2 h. Figure 3 shows FE-SEM micrographs of the Al-CNT mixture powders after removal of NR from the Al-CNT-NR precursor. The Al particles maintained their initial spherical morphology and particle size after heat treatment, as per those of the starting powder, as www.intechopen.com shown in Figure 2a and 3a (1vol%) and b (5vol%). Some regions with agglomerated CNTs were observed after the removal of NR from the Al-NR-CNT precursor, which may be due Fig. 2 . TGA curve of Al-NR-CNT precursor. Fig. 3 . FE-SEM micrographs of (a) Al-1vol% CNT and (b) Al-5vol% CNT mixture powders. HR-TEM micrographs of (c) condensation and (d) dispersed region of CNT on the Al particle in the Al-5vol% CNT mixture powder.
Results and discussion
to the selective condensation of CNTs located where the NR was removed from between Al particles. Moreover, this CNT agglomerate ratio was relatively higher in the 5vol% CNT mixture powder than in the Al-1vol% CNT mixture powder, as shown in Figure 3a and b. We believe that this problem can be addressed by adjusting the Al particle size distribution. Overall, our findings indicated that most of the CNTs were well dispersed on the surface of Al particle, regardless of the amount of CNT added. The relative density of pure Al bulk and Al-1 and 5vol% CNT composites subjected to the same processes were measured by an Archimedes method (Table 1 ). It was found that the extruded pure Al bulk was fully densified and the SPSed Al-CNT compact and extrudate were also highly densified, demonstrating that this combination of SPS and hot-extrusion processes is highly effective in densifying the Al-CNT mixture powder. The tensile strength and elongations of the pure Al bulk and the composites are indicated in Table 1 . The composites showed around 300% enhancement in tensile strength compared to that of the pure Al bulk. In particular, no degradation of elongation for the Al-1vol% CNT composite was observed, in spite of the highly enhanced tensile strength. In general, the nominal tensile strength of pure Al (http://en.wikipedia.org/wiki/Tensile_strength) was reported as about 40-50 MPa whereas the tensile strength of the extruded pure Al bulk obtained in this study was 52 MPa (Table 1 ). This small disagreement originated from differences in fabrication and testing conditions. We have considered the effect of work hardening on tensile strength due to large plastic deformation in the processes employed. According to our previous report that used nanoindentation for work hardening, there was no change in the hardness of Al particles before and after the extrusion process ). It is suggested that the stress accumulation was lower than stress released during the extrusion process by dynamic recrystallization (Knocks, 2004; Kelly & Tyson, 1965; Cox, 1952; Serajzadeh, 2004) . Therefore, the enhanced tensile strength of the composites with a small amount of CNT (1 and 5 vol%) is mainly due to the addition of CNT itself. The tensile and elongation behavior should be considered with regard to the amount of CNT. It is assumed that the thickness of the dispersed CNT on the Al particle will be different depending on the amount of CNT added. i.e. the thickness of this CNT cluster could affect the mechanical properties of the composites, resulting in a large difference in elongation, as indicated in Table 1 . Microstructures of the SPSed pure Al and Al-CNT compacts were observed in order to clarify the boundary structure. Firstly, the SPSed pure Al compact was investigated, as shown in Figure 4a . Several boundary grooves were observed after the etching process, which made use of liquid etchant (5 % NaOH). Thin layers (10-20 nm) of amorphous Al oxide and some oxide-free region (black arrow in Fig. 4a) in the boundary zone were observed by SADP and EDS, as shown in Figure 4a . Some of the Al oxide-free region was created by decomposition of Al oxide during the SPS process by micro-plasma (Zadra et . In the case of the SPSed Al-CNT compacts, the boundary structure was completely different to that of the pure Al compact. We observed boundary layers of around 100 and 300 nm thick for the 1 and 5 vol% CNT added compacts, respectively, as shown in Figure 4b and c. Several micro-pores were also observed regardless of the different amounts of CNT addition (black arrows in Fig. 4b and  c) . These pores may also include those produced during the etching process. Moreover, no significant grain growth was observed for both SPSed pure Al and Al-CNT compacts compared to the starting Al particles (see Fig. 1a and Fig. 4 ). We believe that the grain growth was restrained by the pinning effect of the CNTs, some of the existing Al oxide being present at the boundaries, and the quick processing cycle of SPS. Our previous results showed that the boundary of the SPSed Al-1 and 5vol% CNT compact contained mainly CNT, a small quantity of Al carbide (Al 4 C 3 ), carbon black, amorphous carbon, Al oxide, and Al, which was confirmed by SADP and EDS as shown in Figure 5 . (Kwon et al., 2009) The formation of Al 4 C 3 in spite of being under the Al melting point will be discussed in depth later. However, it is understood that the thickness of the boundary (mainly CNT) can be changed by the amount of CNT addition. Figure 6 shows TEM micrographs of the extruded Al-1 and 5vol% CNT composites. The thickness of the boundaries was slightly reduced after the extrusion process for Al-1 and 5vol% CNT composites to ~60 and ~200 nm, respectively, compared to that of the SPSed compacts, as indicated in Table 1 . This slightly changed boundary thickness accompanied the large plastic deformation during the extrusion process. Furthermore, the CNT in the boundary were aligned with the extrusion direction and in tight contact with the Al matrix, as shown in Figure 6a and b. Hence, the applied pressure of extrusion affected not only the alignment of the CNTs but also the thickness of the boundary structure, regardless of the amount of CNT added. The implanted Al 4 C 3 between the Al matrix and the CNT interface was observed in the 5vol% CNT composite, as shown in Figure 6c ). Such a microstructure also contributed to the enhancement of the mechanical properties of the composites. Figure 7 shows HR-TEM of the Al-1vol% CNT composite subjected to the extrusion process. As can be seen in Fig. 7 , two different types of aluminum carbide (Al 4 C 3 ) were observed in the boundary zone, dumbbell and tube types . We believe that dumbbellshaped Al 4 C 3 originated from the tip of a CNT, whereas tube-shaped Al 4 C 3 originated from defective CNTs. Here, we have discussed how the formation of Al 4 C 3 was able to occur under the Al melting point. Figure 8 shows the DSC curves of the pure Al powder, Al-5vol% CNT powder, and SPSed (at 600 o C) Al-5vol% CNT compact. In the case of the powders, they showed endothermic peaks near the Al melting point (about 660 o C), as shown in Figure 8a and b. However, the SPSed Al-CNT compact showed an endothermic peak followed by an exothermic peak, as shown in Figure 8c . It indicated that a chemical reaction occurred, www.intechopen.com creating the exothermic peak right after the endothermic reaction. In general, it is known that the pure Al particle has a stable oxide layer on the surface of the particles (Zadra et al., 2007; Omori, 2000; . Therefore, the liquid Al generated is not able to flow out due to the presence of the Al oxide layer (melting point: <2000 o C) on the surface of the Al particle, even though the pure Al particle is completely melted. as illustrated by Figure  9a . For this reason, the Al-CNT mixture powder demonstrates the same phenomenon as in the case of the pure Al powder (Fig. 9b) . Table 1 and Figure 1c , indicating that the CNTs used in the present work were highly likely to react with the Al liquid phase. Therefore, the exothermic peak that followed immediately after the endothermic peak can be attributed to the chemical reaction occurred between the Al and CNT, resulting in the formation of Al 4 C 3 that was observed in the SPSed compact, as shown in Figure 5 . Nagae et al. reported the feasibility of generating an Al liquid phase under the Al melting point during the SPS process using a two-particle model based on the real temperature between the Al particles during the SPS process (Nagae et al., 2001 ). According to their calculations, the real temperature of the initial stage of sintering between the Al particles was about 1270 o C at the initial stage of the SPS process which is supposed to proceed at 570 o C. Figure 10 shows the calculated real temperatures between the Al particles using the two-particle model based on the SPS temperature of 600 o C used in the present study. The real temperature between Al particles decreased due to the increase in contact points as time passed. Thus, we believe that the real temperature between Al particles in the initial stage of the SPS process was higher than the sintering temperature employed. For this reason, the Al liquid phase can be generated at the SPS temperature employed in the present study, thereby creating the possible conditions for the formation of Al 4 C 3 . The I D / I G ratio of the 5vol% CNT composite was higher than that for the 1vol% CNT composite (Table 1) , resulting in the predominant formation of Al 4 C 3 in the 5vol% CNT composite. The 5vol% CNT composite showed a slightly lower tensile strength and much lower elongation than the 1vol% CNT composite, which may be due to the excessive Al 4 C 3 generated, as indicated in Table 1 . However, a moderate amount of Al 4 C 3 can contribute to better chemical bonding between the Al matrix and CNT but too large an excess of Al 4 C 3 causes a deterioration in the mechanical properties. In other words, the Al 4 C 3 generated during the SPS process greatly affected the degradation of elongation due to its brittleness. That is why the elongation of 1vol% CNT reinforced composite was enhanced significantly compared to that of the 5vol% CNT reinforced composite, as indicated in Table 1 . We have discussed the effect of the formation of Al 4 C 3 on the mechanical properties in the composite materials obtained. It is understood that some regions of the interfaces between the Al matrix and CNT in the SPSed compact and the extruded composite were combined by stable chemical bonding through the Al 4 C 3 formed, as shown in Figure 11a and b. These structures were observed in our actual SPSed compact and the extruded composite (Fig. 4  and 6 ). It is believed that this chemically bonded structure is useful for stress transfer shows the fracture surface of the Al-1and 5vol% CNT composites. Many dimples were observed in the Al matrix due to strong adhesion between particles. Several CNT bridges were observed near the cleavage regardless of the amount of CNT addition, as shown by the white arrow in Figure 12a and b. This CNT bridging also significantly contributed to the improvement in the mechanical properties. In particular, the 5vol% CNT composite showed a relatively large agglomeration of the CNTs compared to the 1vol% CNT composite (see black arrows in Fig. 12b and c) . Moreover, several pointed-shape CNT www.intechopen.com tips were observed in the fracture surface of the 1vol% CNT composite, which means that these CNTs were broken while extended, due to efficient stress transfer with strong chemical bonding created by Al 4 C 3 between the Al matrix and CNT, as shown by the white arrows in Figure 12c . We also observed no shape change of the CNT tips in the fracture surface of 1vol% CNT composite. This indicated that this CNT did not include formation of Al 4 C 3 , which resulted in the pulling out of CNT being relatively easy, as shown by the black arrows in Figure 12c . Therefore, the Al 4 C 3 generated during the SPS process is helpful in enhancing the Al-CNT composite materials. However, it must be accompanied by careful control in the quantity and size of Al 4 
Conclusions
We have attempted to understand the effect of spark plasma sintering in fabricating Al-CNT composite materials which had highly enhanced tensile strength and no significant degradation of elongation compared to that of the pure Al bulk. Some parts of the Al oxide layer on the surface of the Al particles in the SPSed Al-CNT compact were broken during the SPS process, as confirmed by the DSC analysis and HR-TEM observation. Moreover, a small quantity of the Al 4 C 3 was observed in the Al-CNT compact even though this was made under the solid state SPS temperature. The shape and formation position of Al 4 C 3 also played an important role in the mechanical properties of the composites. The relative quantity of formed Al 4 C 3 can be controlled by controlling the amount of CNT additions. We believe that the composites obtained were strengthened as a result of a complex phenomenon not only by the reinforcement of CNT but also through an efficient stress transfer effect by the chemical bonding between the Al matrix and CNT reinforcement through the Al 4 C 3 formed during SPS process.
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